Abstract: Point-of-care ultrasound (POCUS) is used increasingly in resource-limited settings (RLSs), particularly as inexpensive ultrasound machines and evidence-based protocols become more available. POCUS often is the only imaging modality available in such settings, and it has the potential to significantly affect patient care. This article discusses four case-based reviews of POCUS in RLSs for several common diseases: pediatric pneumonia; extrapulmonary tuberculosis; ectopic pregnancy; and tropical parasitic diseases, including echinococcus, schistosomiasis, and amebiasis. It concludes with a discussion of the logistical considerations specific to implementing POCUS in RLSs, particularly equipment and training. The literature reviewed suggests that POCUS has the potential to improve the diagnosis and management of multiple conditions in RLSs, although further research is needed.
P oint-of-care ultrasound (POCUS) is widely accepted in highresource settings for a range of conditions, and a growing literature base demonstrates that it leads to improved patient outcomes. 1, 2 It also has significant potential to improve diagnostic accuracy and patient care in resource-limited settings (RLSs), where other imaging modalities such as plain radiographs may not be available. Studies in such settings suggest that POCUS may influence or change clinical management in >60% of cases. [3] [4] [5] Rapid advances in technology have produced US machines that are more portable and affordable than before, which in turn has increased the opportunity to implement POCUS more broadly.
Here, we present four case-based reviews of the literature pertaining to the use of POCUS in RLSs for several common diseases: pediatric pneumonia, extrapulmonary tuberculosis, ectopic pregnancy, and tropical parasitic diseases. We conclude with a discussion of the logistical and training considerations specific to POCUS in RLSs.
severe pneumonia. 7 These clinical features perform poorly, however, in establishing the diagnosis of pneumonia; although chest x-ray (CXR) can be helpful, frequently it is not available in RLSs. 8 POCUS has emerged as a viable modality to diagnose pneumonia, demonstrating good accuracy, with the added benefit of being safe, fast, low cost, dynamic, and repeatable. [9] [10] [11] When performed by an experienced operator, US has been shown to have great accuracy in diagnosing pneumonia in children, with pooled sensitivity and specificity of 96% and 93%, respectively, 12 and is a feasible alternative to chest radiography. 10, [13] [14] [15] Performance characteristics appear to be similar for adults and children, although the scanning techniques often differ, with a linear, high-frequency probe being used most often in children. 11 This emerging technology is especially attractive for RLSs because it outperforms the current recommendations from the WHO, therefore potentially limiting antibiotic exposure worldwide. 16 The diagnosis of pneumonia by US in children and adults relies largely on the finding of lung consolidation in the appropriate clinical context. The intercostal areas of the anterior, lateral, and posterior chest are examined briefly, looking for signs of consolidation, which appears as an echo-poor, tissue-like region (Fig. 1) . 9 Denser or larger consolidation may have an echotexture on US similar to that of the liver, reflecting a "hepatization" of the lung, possibly with hyperechoic air bronchograms. Many studies have suggested that US is more sensitive than CXR, identifying subcentimeter consolidations caused by noninfiltrative conditions such as viral infections; thus, the optimal definition of consolidation may yet need to be established.
Because of the acoustic properties of US, consolidations that do not reach the pleural surface cannot be directly visualized in an intercostal space. In adults, the finding of a focal interstitial, or "B-line," pattern on US may signal inflammation that extends to the pleural surface from a deeper consolidation, indicating pneumonia in the appropriate clinical context (Fig. 2) . 9, 17 In children, however, the specificity of this pattern is much lower, given that B-lines may appear in bronchiolitis or viral illnesses. Based on current evidence, therefore, the diagnosis of pneumonia in children should be established only when consolidation is seen on US.
Questions remain, however, about how POCUS should best be introduced into management algorithms for the diagnosis of pneumonia. The amount of training required for competence is still unknown; "a highly skilled physician" performed most of the lung studies for the majority of trials included in a meta-analysis completed by Pereda et al. 12 In addition, the optimal definition of pneumonia as diagnosed by US that requires antibiotic treatment is still unknown, and the increased sensitivity of US for the identification of subcentimeter consolidations has implications for possible overtreatment with antibiotics. Nevertheless, US is emerging as a viable modality for the diagnosis of pneumonia in children and is particularly suited for RLSs lacking access to radiographs.
In our clinical case, US confirmed the diagnosis of pneumonia, but future studies should evaluate management algorithms in which a negative POCUS examination for consolidation would allow for safely withholding antibiotics in a child with similar symptoms/diagnosis.
Extrapulmonary Tuberculosis
Case A 40-year-old man with no known medical history presented to a district-level hospital in sub-Saharan Africa, having 2 months of weight loss, fatigue, abdominal pain, fevers, and dry cough. He was mildly tachycardic and tachypneic. A general examination revealed cachexia, clear lung fields, and mild diffuse abdominal tenderness. According to the limited available diagnostics, the initial workup included a positive human immunodeficiency virus (HIV) antibody test, hemoglobin of 7 g/dL, and a negative malaria test. CXR was not available. Two sputum samples were negative for acid-fast bacteria. POCUS was performed according to the FASH protocol (focused assessment with sonography for HIV-associated tuberculosis, described below), which showed enlarged abdominal lymph nodes (Fig. 3) and a left pleural effusion. A clinical diagnosis of HIV-positive, extrapulmonary tuberculosis (EPTB) was made, and the patient was started on antituberculosis treatment.
Literature Review
Tuberculosis is the leading cause of death from a single infectious agent worldwide, accounting for >1.6 million deaths 18 More than 20% of deaths occurred in patients who were HIV positive, in whom the risk of progression from latent infection to reactivation is 20-fold higher than in patients who are HIV negative. 18, 19 Several sonographic findings are associated with EPTB in patients who are HIV positive, including abdominal lymphadenopathy, 20 pericardial effusion, 21 splenic microabscesses, 20 and pleural effusion, especially if unilateral. 22 The FASH protocol uses POCUS to assess for signs that suggest HIV-associated EPTB in HIV/TB endemic regions. 23, 24 In brief, the protocol uses a standardized scanning technique with six views to evaluate for pericardial and pleural effusions, ascites, abdominal lymphadenopathy, and lesions of the spleen or liver (Fig. 4) . 23 Numerous small studies using this protocol have demonstrated a consistent association between positive FASH findings in adult patients who are HIV positive and a diagnosis of EPTB, the strongest correlation being with enlarged abdominal lymph nodes (>1.5-2 cm) and splenic microabscesses. [24] [25] [26] [27] In addition, in two studies, >25% of patients with EPTB and positive FASH examinations had CXRs that were not suggestive of TB, 26, 28 indicating that the addition of US may increase the sensitivity of the diagnostic workup. This increased sensitivity may be particularly important in newly diagnosed patients with HIV, in whom accurate diagnosis of EPTB before starting antiretrovirals is vital to avoid immune reconstitution inflammatory syndrome. Most sonographic findings resolve after 3 months of treatment, and the persistence of positive findings may suggest treatment complications. 29 FASH is one of the most frequently used POCUS applications in South African emergency departments, a testament to its relevance in settings with high HIV/TB prevalence. 30 A study from a Malawian cohort with high HIV prevalence further suggested that FASH be prioritized in POCUS curricula in HIV/TB endemic settings, 31 and a short course for training clinicians in rural hospitals has shown promise. 32 For settings where experienced clinician-ultrasonographers are not present, the feasibility of using FASH via telemedicine also has been noted. 33 In addition to its demonstrated utility for HIVassociated EPTB diagnosis, US may guide therapeutic interventions in cases of cardiopulmonary failure caused by cardiac tamponade or pleural effusions caused by EPTB.
The FASH protocol was originally described for adults in areas of high HIV prevalence in sub-Saharan Africa, a population in whom the pretest probability of EPTB is comparatively high, and relatively little has been published on its use in other populations. A prospective cohort study in India evaluated its performance in adults who are HIV negative and adults who are HIV positive. 27 In this cohort of 425 patients (80% HIV negative), positive FASH findings did not correlate with TB diagnosis in patients who were HIV negative, but they were strongly correlated with TB diagnosis in patients who were HIV positive. Another recent study of FASH in pediatric patients found that one-third of children diagnosed as having pulmonary tuberculosis also had sonographic findings that were consistent with concurrent EPTB, suggesting that the protocol could be applied in a pediatric population. 34 More research is necessary to characterize better the optimal use of this evolving technique, including an assessment of optimal methods for training and field implementation, further evaluation in HIV-negative patient populations (especially those with an immunocompromise such as severe acute malnutrition or diabetes mellitus), and application to pediatric populations.
Ectopic Pregnancy and Obstetrics
Case A 25-year-old gravida 3 para 2 female, 8 weeks pregnant by her last menstrual period, presented to a rural district hospital in Malawi with 3 days of lower abdominal pain, vaginal bleeding, weakness, and dizziness. In a prenatal clinic visit 1 week earlier, she had a positive pregnancy test, and a routine screening US was scheduled for a later date. At the district hospital, she was hypotensive and tachycardic, with lower abdominal tenderness. A pelvic examination revealed vaginal bleeding, a closed cervical os, a small uterus, cervical motion tenderness, and right adnexal tenderness. Her POC hemoglobin was 7 g/dL. Transabdominal POCUS revealed an empty uterus and free fluid in both the pouch of Morison and the pouch of Douglas. She was taken to the operating room for a presumed ruptured ectopic. Intraoperatively, she 
Literature Review
Ectopic pregnancy incidence varies between 1% and 3% of all pregnancies and is the leading cause of pregnancy-related mortality in the first trimester. 35, 36 Ninety-nine percent of all maternal deaths occur in developing countries.
37 Despite obstetrical US being one of the leading applications of POCUS in RLSs, research supporting its use is considered to be of low quality. 38, 39 For example, two hospitals in Bangalore, India studied 100 patients with a clinical presentation that was concerning for ectopic pregnancy (eg, lower abdominal pain, positive pregnancy test, vaginal bleeding, cervical motion tenderness). Using surgical pathology from laparotomy/laparoscopy as the gold standard, positive findings on transabdominal and transvaginal US (including hemoperitoneum, a complex adnexal mass, an extrauterine pregnancy, or all three) were 100% sensitive and specific in providing a diagnosis of ectopic pregnancy. 40 Current evidence has not proven superior public health outcomes from the use of routine, screening prenatal US (as opposed to selective scans, if indicated) in RLSs. The routine ordering of screening, prenatal ultrasound for fetal assessment has not been associated with a reduction in perinatal deaths or adverse outcomes. 41, 42 Nevertheless, the WHO recommends one US scan before 24 weeks of gestation (early US) to estimate gestational age, improve detection of fetal anomalies and multiple pregnancies, reduce induction of labor for postterm pregnancy, and improve a woman's pregnancy experience. 41, 42 The recommendations are based on a 2015 Cochrane review and studies suggesting that women who are offered early obstetrical US are more likely to enter and continue prenatal care at a health center.
42, 43 Prenatal care has been shown to decrease maternal mortality.
42, 43 In a novel study of four rural communities in central Ghana, pregnant women who underwent prenatal POCUS were more likely to deliver at a hospital and less likely to have a miscarriage and practice selfmedication. 44 The WHO report mentions the need for further research based on randomized controlled trials in multiple low-and middle-income countries. An ongoing large, clustered randomized controlled trial involving training providers to perform routine, screening prenatal POCUS in the Democratic Republic of Congo, Guatemala, Kenya, Pakistan, and Zambia should provide data on health outcomes and help stakeholders guide obstetrical US utilization in RLSs. 45 
Tropical Parasitic Diseases
Case A 31-year-old Indian sailor presented after 4 days of fever, vomiting, and right-sided abdominal pain. He was tachycardic, febrile, and found to have dullness to percussion in his right lower thorax. A bedside US revealed a large hypoechoic lesion in the right lobe of his liver, suggestive of an amebic liver abscess. He was started on metronidazole and reported symptomatic improvement in a few days.
Literature Review
For decades, clinicians have recognized the importance of US for the diagnosis and management of tropical parasitic diseases. 46 US is particularly valuable precisely because these diseases are endemic in areas where more costly testing often is unavailable. In RLSs, US can be critical for the diagnosis of several parasitic infections, including echinococcosis, schistosomiasis, amebiasis, lymphatic filariasis, and fascioliasis.
Cystic echinococcus (CE), which is endemic in many countries with sheep farming, lends itself well to US diagnosis. Cysts from Echinococcus granulosus tend to develop in the human liver (68%-75%) and the lungs (17%-22%), although approximately 60% of patients are asymptomatic. 47 US-based population screening has been used successfully for years; the Focused Assessment with Sonography of Echinococcus protocol is part of routine medical education and clinical care in several endemic countries. 25 The current WHO-Informal Working Group on Echinococcus classification divides the cysts into three groups (Fig. 5) : active (CE1, CE2), transitional (CE3a, CE3b), and inactive (CE4, CE5). 48, 49 Of note for the POCUS provider, CE1 cysts can be distinguished from simple cysts because the former has a double wall. 25 Although more complex than the typical "yes/ no" questions for POCUS, the full The World Health Organization Informal Working Group on Echinococcosis classification is both biologically and clinically significant because different stages require different management strategies. 49, 50 US is key to management (including POCUS-guided aspiration, injection, or both, if needed) and clinical follow-up.
A major cause of morbidity and mortality in Africa, schistosomiasis, also lends itself well to diagnosis with US, particularly at the chronic stage, in which fibrosis develops from Schistosoma eggs entrapped in the genitourinary and gastrointestinal tracts. 51 The WHO has developed US protocols for both S. haematobium, which causes bladder wall pathology and hydronephrosis (Fig. 6) , and S. mansoni, which causes periportal fibrosis in the liver. 52 Both protocols are widely accepted and used, 53, 54 although the scoring system for S. mansoni, which requires quantification of early fibrotic changes and several hepatic and portal measurements, is more complicated and may require more training. US can be used to monitor response to treatment and need for retreatment. 25, 51 US remains critical for diagnosis of other parasitic infections, including amebic liver abscess, lymphatic filariasis, and fascioliasis, although there are no WHO protocols for these diseases. Amebic liver abscess is the most common nonintestinal manifestation of Entamoeba histolytica. 55 Although not as sensitive as computed tomography in the early abscess stage, US remains essential for diagnosis, percutaneous drainage (if needed), and posttreatment monitoring. 55 The amebic abscess appears as a hypoechoic, often solitary lesion without a rim or capsule (Fig. 7) . 25 It can be difficult to distinguish from a pyogenic abscess; differentiation may require aspiration, serology, or following response to treatment. 51 Lymphatic filariasis, caused by Wuchereria bancrofti, causes leg lymphedema and hydrocele in the tropics. The latter of these (sometimes with hyperechoic scrotal fluid and thickened scrotal skin) can be detected easily with POCUS in affected males. 25 Also diagnostic is the "filarial dance sign," thought to be worm movements in the lymphatics, although this finding may be seen in other nonparasitic conditions that cause lymphatic obstruction. 56 Infection with Fasciola hepatica, the liver fluke, may show hypoechoic small lesions that can form a serpiginous path in the liver, tracing the movement of the juvenile flukes from the capsule to deep within the parenchyma (Fig. 8) . 57 In the chronic stage, crescent-shaped adult flukes may be seen within the biliary ducts or gallbladder (Fig. 8) . 58 US likely plays a role in the diagnosis and management of other parasites, including malaria, 59 ,60 ascariasis, 61,62 visceral leishmaniasis, 63 onchocerciasis, 64 and cysticercosis. 65 Experts agree that more studies and protocols are needed for these and other neglected tropical diseases. 25, 51 Although existing protocols for parasitic disease have great value in screening, diagnosis, and management, one limitation is the additional required POCUS training.
Logistics and Training
Although POCUS can dramatically improve patient care in RLSs, it presents several logistical challenges. Acquisition and maintenance of equipment is a unique challenge. Of prime 
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importance is a dependable US machine that can be maintained locally. Although having three different types of probes is ideal, a curvilinear (curved array) probe is sufficient for most POCUS applications. 4 A 2016 review discusses a number of available hand-carried and handheld machines. 38 In addition, some newer US machines house their hardware within a probe that plugs directly into a smartphone or tablet, which functions as the image display screen; some are available for rent or purchase. Finally, new US technology using a chip rather than piezoelectric crystals has the potential to decrease the cost of machines and further transform the global POCUS landscape. 66 A limitation of smaller machines is that they can more easily be stolen or become overheated, and a limitation for all machines in RLSs is the ability of local physicians to repair or replace the machines as needed.
In addition to the physical machine, consideration must be given to power supply; steady electricity supply often is lacking in RLSs, and battery-powered machines may be preferable. Portable solar arrays have been used successfully to charge batteries and laptops in RLSs. 67 US gel is an essential expendable resource, but it can be produced locally if necessary. 68 To clean the probes between patients, soap and water (unplugging probes first) or certain nonalcohol-based disinfectants can be used, after checking the manufacturer's product manual. An Internet connection can be used for image/clip transmission (using "middleware" or a cloud system), which permits remote quality assessment, consultation, and troubleshooting from nonlocal experts. 69 As a widely available alternative, smartphones with cameras and 3G or 4G data plans can be used; free, secure communication applications permit encrypted communication between experts and learners, whether via video clip texting or video calls. If such methods are used, then providers must consider patient privacy (eg, avoid patient identifiers) and request patient consent.
In addition to equipment, proper POCUS training is necessary. A practical review by Henwood et al discusses recommendations for the implementation of a training program in RLSs, aiming to create self-sufficient local POCUS users. 70 Any training program must begin with a needs assessment to tailor the proper trainers and topics to the relevant trainees. One method to identify the highest-yield topics has been proposed by Heller et al 31 : During or after the needs assessment, it is crucial to identify and cultivate an enthusiastic local champion who can lead local efforts in ongoing education, quality assurance, machine maintenance, research, and so forth. 70, 71 In addition, local administrative support is crucial and must be sought early. Regular follow-up, through remote communication and repeat visits by experts, helps to ensure sustainability, particularly if physician turnover is high. 25 Furthermore, follow-up is required for effective quality assessment and improvement, to ensure that scans are completed and interpreted correctly. The entire process, including cultivating the local champion, requires a significant ongoing time commitment. Research presents its unique challenges, but it should be encouraged; there is a dearth of high-quality objective data on the use of POCUS in lowincome settings. 31, 38, 72 The available, small studies suggest that even short POCUS training courses, when complemented with continued remote support, can have a large clinical impact. 4, 5, 69, [73] [74] [75] Conclusions POCUS has the potential to improve diagnostic accuracy and patient outcomes for multiple conditions in RLSs. This review discussed several of the conditions that can be effectively managed with the aid of POCUS, including pediatric pneumonia, EPTB, ectopic pregnancy, and tropical parasitic diseases. Evolving technology and protocols have allowed POCUS to be more widely applied in RLSs, but high-quality data on its use in these settings are still lacking. Further research on this topic is needed to guide clinicians and policy makers in RLSs, with a particular focus on infectious diseases, use by nonphysicians, and diagnostic algorithms that incorporate POCUS.
